The advent of large sets of chemical and thermodynamic data has enabled the rapid investigation of increasingly complex systems. The challenge, however, is how to validate such large databases. We propose an automated framework to solve this problem by identifying which data are reliable and recommending what future experiments or calculations are required. The framework is applied to validate data for the standard enthalpy of formation for 920 gas-phase hydrocarbon species retrieved from the NIST Chemistry WebBook. The concept of error-cancelling balanced reactions is used to calculate a distribution of possible values for the standard enthalpy of formation of each species. The method automates the identification and exclusion of unreliable data. We find that this enables the rapid convergence of the calculations towards chemical accuracy. The method can exploit knowledge of the structural similarities between species and the reliability of the data to identify which species introduce the most error and recommend what future experiments and calculations should be considered.
Introduction
The availability of large sets of chemical and thermodynamic data has enabled the investigation of increasingly complex reaction systems. For example, the Reaction Mechanism Generator [24, 30] automates the generation of chemical mechanisms for gas-phase systems containing carbon, hydrogen, oxygen, sulfur and nitrogen. Other approaches have been used to develop models for the gas-phase chemistry of common precursors for the formation of various nanoparticles [16, 17, 43, 44] .
The data sets associated with such tools are widely available via the internet. Some are based on data collated from the literature, for example, Nano [7] and the NIST WebBook [1] . Others are designed to enable benchmarking and comparison of computational methods, for example, the NIST Computational Chemistry Comparison and Benchmark Database [2] . Others exist as repositories for computational and experimental data, for example, the Active Thermochemical Tables [3] , PrIME database [8] , ReSpecTh information system [9] and MolHub [6, 47] .
The availability of so much data presents opportunities and challenges. For example, how do we check which data are reliable? Previous validation has typically been performed at a single-point level, where increasingly accurate methods are applied one-species-at-a-time. This is expensive and becomes intractable for large systems. Methods that exploit the data at a global level, on the other hand, leverage existing knowledge to provide cheaper and potentially more accurate estimates. This paper considers a global method for the calculation and validation of the standard enthalpies of formation for a large set of gas-phase species. The standard enthalpy of formation is chosen to illustrate the method because it used in many thermodynamic calculations, and is a key parameter in the development of kinetic mechanisms and understanding the chemistry of novel systems. Any problems in the data could lead to significant errors in the resulting mechanisms.
The estimation of enthalpies of formation using high level electronic structure calculations is computationally demanding. To compound the problem, care must be taken to choose the right level of theory [35, 56, 65] , the errors in the method scale with the size of the species [66, 71] and various correction terms are needed to achieve reliable estimates [57] . The calculations become intractable for large molecules [35, 51] and such methods are not suitable for large scale analysis.
Fortunately the errors in electronic structure calculations are systematic. Methods such as bond additivity correction (BAC) [10, 32, 39, 40] and atom additivity correction (AAC) [54] seek to exploit this to cancel the systematic component of the error. Both rely on predetermined parameters associated with the level of theory used for the electronic structure calculation.
Similarly, error-cancelling balanced reactions (EBRs) seek to exploit structural and electronic similarities between species to cancel the systematic error introduced when using electronic structure calculations to estimate the enthalpy of a species. The method does not introduce any additional parameters and has been applied to a wide variety of systems [see for example 16, 46, 50, 55, 59, 67] .
The use of EBRs requires the calculated total electronic energies for all species in the reaction and the enthalpies of formation to be known (either experimentally or otherwise) for all except one species in the reaction, for which the unknown enthalpy of formation is to be estimated. The method requires the identification of suitable balanced reaction(s), given the set of species with known enthalpies of formation. A number of different types of EBRs have been proposed [26-28, 31, 48-50, 68, 70] and shown to be able to estimate the enthalpy of formation on the back of affordable electronic structure calculations.
The purpose of this paper is to present a framework for the systematic calculation and validation of enthalpies of formation using EBRs. The framework is applied to a set of 920 hydrocarbons, including species with oxygen. Reference data for the enthalpy of formation were taken from the NIST Chemistry WebBook [1] . The framework was able to assess the reliability of the reference data. The automatic exclusion of problematic data was shown to reduce significantly the uncertainty in the estimates of the enthalpies of formation, in many cases exceeding chemical accuracy (error ≤ 1.0 kcal mol −1 ). We demonstrate how the information generated within the framework may be used to suggest what future experiments or computations might be considered to improve the quality of the data, and which methods may be most suitable.
Methodology
The framework is outlined in Figure 1 . A species set is provided to an automated validation module. The module uses a cheap method, in this case error-cancelling balanced reactions (EBRs), to estimate a thermodynamic property of interest. It differs from traditional validation methods because it uses multiple overlapping subsets of the data, in this case multiple EBRs, to calculate a distribution of values for each species and performs a global cross-validation of the data.
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Figure 1: An automated data validation procedure to assess the reliability of experimental, computational and theoretical species data.
In order to demonstrate the framework, we validate data for the standard enthalpy of for-mation ∆ f H
• 298.15 K of 920 gas-phase hydrocarbons, including species with oxygen, taken from the NIST Chemistry WebBook [1] . We used the 3D geometries provided by NIST as an initial guess and recalculated the ground state geometry, scaled frequencies [41] and total electronic energy of each species using density functional theory (DFT) at the B97-1/6-311+G(d,p) level of theory [14] using Gaussian09 [23] . A simple rigid-rotor harmonic-oscillator approximation was assumed [38] .
The EBRs were identified using constrained optimization techniques [20, 29, 60 ] to find combinations of reactant and product species that conserved structural and electronic similarities across each reaction. The set of species available to the constrained optimization was recursively adjusted to exclude species that had been used in other reactions to ensure the identification of a set of unique EBRs. The constrained optimization was performed using the open-source GNU Linear Programming Kit [5] software library. This has been shown to perform well compared to other open-source solvers [25] .
Each EBR is used to calculate the standard enthalpy of formation of a species based on the application of Hess's Law to the reaction. This is analogous to methods for calculating the enthalpy of formation from experimental measurements of reaction enthalpy. The principle of the method is that systematic components of the error in the electronic structure calculations cancel out across the EBR. The extent to which the errors cancel depends on what properties are being conserved by the choice of EBR [see for example 68] . For ease of presentation, only isodesmic reactions [31, 48] are considered in this paper. These conserve the number of each type of bond on each side of the reaction. However, the method is general in the sense that it can be used with any type of EBR [see for example 26-28, 49, 50, 68, 70] .
The global cross-validation adapts techniques developed for data mining and statistical analysis [33, 52] to validate the data set. It uses the difference between the calculated data (in this case the standard enthalpies of formation) from multiple EBRs and the corresponding quantity in the reference data to isolate the error contribution from each species in the reference data set. The species with the largest error contributions are iteratively excluded from the calculation, and the cross-validation is repeated to analyse the impact of the excluded species. The algorithm converges rapidly and the exclusion of unreliable data has a strong beneficial impact on the accuracy of the calculated data.
The framework is able to quantify the reliability of data and classify them according to whether or not they are reliable, or whether there is some ambiguity that merits closer examination. The framework is not limited to a single database or data set, and could, in principle, be applied to validate data spread over multiple data sets and multiple locations. The information generated during the validation may be used to suggest what future experiments or computations might be considered to improve the quality of the data, and which methods may be most suitable.
Results
Selection of error-cancelling balanced reactions
by constrained optimization Figure 2 shows example results for the standard enthalpy of formation of butanoic acid calculated using EBRs. The use of constrained optimization to automate the identification of multiple EBRs enables the construction of a histogram. It is clear that methods that rely on a single EBR are extremely risky.
• . 143 distinct isodesmic reactions were identified. The reference value of −113.74 ± 0.96 kcal mol −1 (dashed line) for butanoic acid was taken from the NIST Chemistry WebBook [1] . Outliers giving particular poor estimates are highlighted. Figure 2 enables the calculation of a central measure to provide a more accurate estimate of the standard enthalpy of formation. The width of the distribution provides some information about the uncertainty in the estimate. A further improvement can be achieved using techniques such as the Thompson-Tau or modified z-score method to identify and exclude outliers. This is valuable because the species in the reactions that contribute to the outliers are also potentially sources of unreliable reference data. The identification and exclusion of species that contribute to the outliers is automated and exploited by the cross-validation. Figure 3 (top panel) shows the decrease in the mean absolute error (defined over the full set of reference data) that is achieved by iteratively identifying and excluding unreliable species. The bottom panel shows the number of excluded species at each iteration. The cross-validation requires the specification of a rejection threshold parameter, x rej . This is the magnitude of the maximum acceptable error for each species. The error is the difference between the calculated data (in this case enthalpy of formation) and the corresponding quantity in the reference data.
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The mean absolute error is observed to converge rapidly to an asymptotic value, and the results are shown to be repeatable between independent runs. The asymptotic values of the mean absolute error are significantly less than the rejection threshold for the cases where x rej ≥ 2.0 kcal mol −1 . However, there are diminishing returns as the rejection threshold is decreased. This is because we reduce the number of possible EBRs as we reject more species, such that we start to lose the statistical benefits of using multiple EBRs. A mean absolute error of ≈ 1.2 kcal mol −1 is achieved for a rejection threshold of x rej = 1.0 kcal mol −1 . There is an analogous trade-off when choosing the class of EBR. A more restrictive class should give more accurate results for each individual EBR [68, 69] . However, the more restrictive the class, the fewer EBRs are available and the less we benefit from the statistics of using multiple EBRs.
The panels at the side of Figure 3 shows example output from the cross-validation. Styrene is classified as reliable because there is only 0.21 kcal mol −1 error between the calculated and reference values of the standard enthalpy of formation. Ethyl cyclopentane is classified as potentially unreliable because the 1.99 kcal mol −1 error is similar to the error that might be expected from the B97-1/6-311+G(d,p) level of theory used in the calculation. It cannot be determined whether the discrepancy is due to the level of theory or an issue with the reference data. 3-benzylphenol is classified as unreliable because the 14.57 kcal mol
error exceeds what might be expected from the level of theory. It is likely that there is an issue with the reference data, and in fact, Verevkin [61] and Miranda et al. [42] showed some evidence of discrepancies for related phenols from the same original experiment [12] .
Detailed results for styrene, ethyl cyclopentane and 3-benzylphenol are shown in Figure  4 . In each case, the standard deviation of the estimated standard enthalpy of formation is observed to decrease significantly as we exclude outliers and unreliable species. The histograms show tight distributions, and good agreement with the reference data for styrene. The reference data for ethyl cyclopentane is just within one standard deviation of the median when using the full data set, but falls outside this criteria as the outliers and unreliable species are removed, again suggesting that ethyl cyclopentane is worthy of further scrutiny. The reference data for 3-benzylphenol is nowhere close to the calculated values, and is considered to be unreliable as discussed above.
The scatter plots in Figure 4 (bottom panel) show that there is often significant scatter in the literature data. This is of course expected. The availability of the distribution of estimated values enables an assessment of the reference data. The framework automates this process and is able to select the reference data that it deems most likely to be accurate, and allows the identification of data that may be less reliable and that merit further consideration. The analysis can be taken further and used to identify which methods may be appropriate for a particular species. For example, the clustering of the data imply that composite methods should be considered over DFT methods for styrene, and that group additivity methods 1 may be a suitable choice for 3-benzylphenol.
Discussion
A critical element of the framework is the method used to calculate the quantity of interest.
In this paper, we use EBRs to exploit the similarities between a set of species to calculate the standard enthalpy of formation of one species from the set. The fact that we use multiple EBRs and that each EBR uses a set of species enables the framework to isolate and quantify the error due to each species. In principle, the framework is general and is not limited to EBRs. It could be used with any calculation that shares these properties. In abstract terms, it could be used with any calculation that permits the ability to use multiple overlapping subsets of the reference data to calculate a given quantity of interest.
It is proposed to make the framework available as a web application. The concept is illustrated in Figure 5 . The application would allow users to upload and validate their data, and would be linked to databases, for example MolHub [6] , that allow the easy storage and retrieval of computational chemistry data.
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• A colour code is used to indicate the results of the validation. Species are organised based on structural similarity, with species showing the highest degree of similarity appearing closest to each other. For each species, users are able to access the results of the cross-validation as per Figure 2 and see an overview of the available experimental and theoretical data, together with links to view the data in more detail.
In the case of unreliable species, for example 3-benzylphenol in this case, it is envisaged that the ability to identify which methods worked well for reliable species (as per the scatter plots in Figure 4 ) and knowledge of the structural similarities between species could be combined to recommend what methods may be most suitable for similar unreliable species. This could be to suggest what future experiments or computations might be considered to improve the quality of the data.
Conclusions
This paper demonstrates the application of a new framework to validate large sets of thermochemical data for chemical species. The framework implements a global crossvalidation method that compares calculated values to corresponding quantities from a reference data set. The cross-validation enables the framework to assess the reliability of the reference data.
The framework may be used with any calculation that uses multiple overlapping subsets of the reference data to calculate the quantity of interest. The demonstration in this paper uses error-cancelling balanced reactions (EBRs) to validate data for the standard enthalpy of formation of 920 gas-phase hydrocarbons, including species containing oxygen, from the NIST Chemistry WebBook [1] .
The EBRs were systematically identified using constrained optimization and the electronic structures of all species calculated using DFT at the B97-1/6-311+G(d,p) level of theory. There is a trade-off between the rejection threshold required by the global crossvalidation and the accuracy of the calculated standard enthalpies of formation. The accuracy of calculations improves asymptotically at the expense of excluding more data as being unreliable as the rejection threshold is tightened.
The framework offers many important advantages. Firstly, it calculates a distribution of estimates for each species. The width of the distribution provides a measure of the uncertainty in the estimate, whilst the median provides a better estimate than would be obtained from a single sample from the distribution. Secondly, it identifies outliers and unreliable reference data, and significantly improves the estimate by excluding these data. Thirdly, it is able to quantify the reliability of the species and recommend which ones should be investigated to most improve the data set.
It is proposed to make the cross-validation framework available as a web application. The application would allow users to upload and validate their data, and should be linked to databases that enable the easy storage and retrieval of computational chemistry data. This paper shows how the web application would recommend which species should be investigated to most improve the data set, and also how the structural similarities between species might be exploited to suggest which methods should be considered for these investigations. Full details of the methods used by the framework will be published in future work.
A Appendix
A.1 Literature data Table 2 : Reference data and validation status. The calculations were performed using a rejection threshold of x rej = 1.0 kcal mol −1 and were set to exclude unreliable species. The reliability is assessed using the absolute error for each species, ε.
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